Three ionotropic glutamate receptor subunits, designated GluRIIA, GluRIIB, and GluRIII, have been identified at neuromuscular junctions of Drosophila. Whereas GluRIIA and GluRIIB are redundant for viability, it was shown recently that GluRIII is essential for both the synaptic localization of GluRIIA and GluRIIB and the viability of Drosophila. Here we identify a fourth and a fifth subunit expressed in the neuromuscular system, which we name GluRIID and GluRIIE. Both new subunits we show to be necessary for survival. Moreover, both GluRIID and GluRIIE are required for the synaptic expression of all other glutamate receptor subunits. All five subunits are interdependent for receptor function, synaptic receptor expression, and viability. This indicates that synaptic glutamate receptors incorporate the GluRIII, GluRIID, and GluRIIE subunit together with either GluRIIA or GluRIIB at the Drosophila neuromuscular junction. At this widely used model synapse, the assembly of four different subunits to form an individual glutamate receptor channel may thus be obligatory. This study opens the way for a further characterization of in vivo glutamate receptor assembly and trafficking using the efficient genetics of Drosophila.
Introduction
Ionotropic glutamate receptors (GluRs) mediate most excitatory synaptic transmission in our nervous system. One subgroup of glutamate receptors, the so-called non-NMDA-type glutamate receptor channels, preferentially mediate fast synaptic transmission (Dingledine et al., 1999) .
Ionotropic glutamate receptors are supposed to be composed of four subunits in total (Laube et al., 1998; Mano and Teichberg, 1998; Rosenmund et al., 1998) . The functional properties of individual non-NMDA receptors, such as single channel conductance, Ca 2ϩ permeability, and rectification, are subunit dependent and can be controlled by alternative splicing and RNA editing at key positions of individual subunits (Seeburg, 1993; Mayer and Armstrong, 2004) . In addition, subunit composition is important for the assembly, trafficking, insertion, synaptic localization, and anchoring of non-NMDA receptors in synapses (Malinow and Malenka, 2002; Bredt and Nicoll, 2003) . Many ligand-gated receptor channels, such as the glycine receptor and the nicotinic acetylcholine receptor, have been shown to have fixed subunit stoichiometries (Colquhoun and Sivilotti, 2004) .
Nevertheless, initial work implied that non-NMDA glutamate receptors could consist of various subunit combinations. However, assembly of non-NMDA receptors in mammals is assumed to be restricted in that an individual non-NMDA receptor is composed of no more than two different subunits (Ayalon and SternBach, 2001; Mansour et al., 2001; Sun et al., 2002; Schorge and Colquhoun, 2003) . Although elegant work using functional and/or optical subunit labeling has enabled the study of assembly mode, trafficking, insertion, and anchoring of individual non-NMDA receptors (for review, see Malinow and Malenka, 2002) , the subunit composition of entire native receptors still remains difficult to address under physiological conditions at synapses.
Here, we use the glutamatergic neuromuscular junction (NMJ) of Drosophila to explore the subunit composition of a synaptic non-NMDA glutamate receptor in vivo. This synapse is widely used for functional studies of synaptic transmission (Bellen, 1998; Gramates and Budnik, 1999; Featherstone and Broadie, 2000; Koh et al., 2000) and expresses postsynaptic glutamate receptors that are homologous to vertebrate non-NMDA glutamate receptors (Schuster et al., 1991; DiAntonio et al., 1999; . Subunit composition has been shown to both regulate biophysical properties of glutamate receptors and to control synapse formation and function in this model system (DiAntonio et al., 1999; Sigrist et al., 2000 Sigrist et al., , 2002 . Our goal was to turn this established experimental preparation into a model system in which the subunit composition of the postsynaptic non-NMDA glutamate receptors can be fully controlled. Therefore, we searched for additional essential non-NMDA receptors at the neuromuscular junction of Drosophila. We can identify two additional neuromuscular glutamate receptor subunits, GluRIID and GluRIIE, which are essential for viability. GluRIID can be shown to be expressed within the postsynaptic densities (PSDs) of all NMJs. Knock-out and rescue experiments with the five total subunits were performed to address the in vivo subunit composition of the synaptic glutamate receptors in this preparation. Our data suggest that, here, individual synaptic glutamate receptor channels may contain not only two but four different subunits.
Materials and Methods

Microarray analysis and quantitative real-time PCR
Microarray experiments were performed using Affymetrix (Santa Clara, CA) Drosophila GeneChips and standard protocols as described in the Affymetrix gene chip user manual. RNA was isolated from whole animal or larval body-wall preparations (epidermis with body-wall muscles attached) of midstage third-instar wild-type larvae (CS10) reared at 25°C. Biotinylated cRNAs were prepared from double-stranded cDNA pools and used to probe Affymetrix high-density oligonucleotide arrays. Hybridization, staining, and washing were done according to the instructions in the user manual. Data analysis was performed via Microarray Suite 4.0 (Affymetrix).
For real-time PCR-based mRNA quantification, the same RNA samples as also used for chip analysis were reverse transcribed and PCR amplified by Omniscript RT kit and QuantiTect SYBY Green PCR kit (Qiagen, Hilden, Germany). Primers were designed via PrimerExpress version 2.0 (PE Applied Biosystems, Foster City, CA). Primers used were as follows: tbp-1 (TaT binding protein-1), 5ЈAAGCCCGTGCCCGTAT-TATG3Ј and 5ЈAAGTCATCCGTGGATCGGGAC3Ј; GluRIIA, 5ЈCCC-AGATTGGCGAGCAGAT3Ј and 5ЈCCGGTAATCAGAGCCCAGTG3Ј; GluRIIB, 5ЈGATGATGGCCAGTTCGACATG3Ј and 5ЈTCAGCACCAC-GAACAGTCCA3Ј; GluRIIC/III, 5ЈCCTCCATCATGACAGCAGGA3Ј and 5ЈGCACCTGTGGACTTCTCGGT3Ј; GluRIID, 5ЈACGTCATCGAACTG-CAAACCA3Ј and 5ЈTCGCTGGAACTCGAAGTCCTT3Ј; and GluRIIE, 5ЈTGGCTGCCTTTTTGACCATC3Ј and 5ЈACCATCCTTGTTATCGGC-CAG3Ј.
Real-time quantitative PCR was performed in GeneAmp 5700 Sequence Detection System (PE Applied Biosystems), and data were analyzed with Excel (Microsoft, Seattle, WA).
Genetics and molecular biology
GluRIID and GluRIIE genetics. The GluRIID and GluRIIE loci are situated at 92F4. In a recently released pBac transposon insertion collection (Thibault et al., 2004) , a piggyBac transposon (pBac{RB}e01443) was found to be inserted into intron 6 at amino acid position 427 of the GluRIID open reading frame. This allele GluRIID e01443 is embryonic lethal both homozygous and over df(3R)H-B79 (Bloomington Drosophila stock center), which deletes a large genomic region including the Glu-RIID and GluRIIE locus, and over deficiency GluRIID&IIE E3 (see below). For GluRIIE, imprecise excision screening was performed using the P-element line EP28753 (commercially available with Genexcel), which is inserted ϳ150 bp downstream of the end of the GluRIIE transcript. In brief, P-element EP28753 was remobilized by crossing to the ⌬2-3 transposase source, white eye progenies were selected and mated individually, and then single fly genomic PCR reactions were performed to map deletions flanking the P-element insertion site. Nearly 1000 eye color revertants were checked, and one line (GluRIIE E1 ) was found to delete 1.2 kb flanking region in direction of the GluRIIE gene, removing the C-terminal and transmembrane domain 4 of GluRIIE. GluRIIE E1 is embryonic lethal when homozygous, over df(3R)H-B79 and over GluRIID&IIE E3 . GluRIID&IIE E3 is a larger deletion also recovered from excision mutagenesis of EP28753, which removes both GluRIIE and Glu-RIID and thus was used in trans to either GluRIID e01443 or GluRIIE E1 deficiency to study GluRIID and GluRIIE null mutant situations. Double mutants in GluRIIA and GluRIIB were described previously (Petersen et al., 1997; DiAntonio et al., 1999) . In short, GluRIIA and GluRIIB double-mutant embryos were recovered by crossing df(2L)GluRIIA&B SP22 to df(2L)cl h4 , and mutant embryos were selected using green fluorescent protein (GFP)-marked balancer chromosomes. GluRIIA hypo , GluRIIB null larvae have an extremely reduced amount of GluRIIA and no GluRIIB expression. For this, a genomic fragment of GluRIIA, encompassing promoter region and the whole open reading frame but missing most of the 3Ј untranslated region (3Ј-UTR), was used. This transgene still produces full-length GluRIIA while in dramatically reduced amounts because of a loss of message stability (G. Qin and S. Sigrist, unpublished observations). This construct was expressed from pUAST (using the GluRIIA endogenous promoter). A single transgene copy rescues embryos null for both GluRIIA and GluRIIB [df(2L)GluRIIA&B SP22 /df(2L)cl h4 ], giving GluRIIA hypo , GluRIIB null larvae (see Results). The genomic fragment with 3Ј-UTR deletion was produced as follows: an EcoRI/XhoI fragment (5.6 kb) from BAC clone RPCI-98-35L07 containing the GluRIIA gene including 1.3 kb sequence 5Ј of the ATG was subcloned into pSL1180. Inserting this EcoRI/XhoI fragment into pUAST gave a "wild-type GluRIIA rescue construct." For the 3Ј-UTR-deleted version, this clone was cut with NcoI and XhoI, end blunted, and religated, and then an EcoRI/Asp718 fragment (4.7 kb) was inserted into pUAST. All constructs were confirmed by double-strand sequencing.
Transgenic rescue constructs. Genomic fragments covering the GluRIID and GluRIIE genes were generated by PCR using for IID 5ЈGGTCTA-GAGCGGCCGCGGCCACGAACTGACCCACGGTTTC3Ј and 5ЈGCG-GCCCTCGAGCGACGTCAAGGATGTGCCCAC3Ј and for IIE 5ЈGGTCTAGAGCGGCCGCACCTCCCCAAGCTGTCAACTTC3Ј and 5ЈGCGGCCCTCGAGACTGCTCAAAGCTGCTGCCCTG3Ј. The products were double-strand sequenced and cloned into pUAST. Several independent lines of transgenic animals were generated. For overexpression studies, UAS-GluRIID and UAS-GluRIIE were generated by introducing the full-length cDNA into the transformation vector pUAST. Full-length cDNAs of GluRIID (RE24732) and GluRIIE (RE07945) were obtained from Berkeley Drosophila Genome Project (Berkeley, CA) cDNA libraries.
The construct for inducible RNA interference (RNAi-GluRIIE) was made based on the pUASTi plasmid (contains an intron between insertion sites for sense and antisense fragments; generous gift from Amin Ghabrial, Krasnow laboratory, Stanford University, Stanford, CA). Selected cDNA fragments coving part of 5Ј-UTR and coding region were PCR amplified by using the following primer pairs: 5ЈGCGCGCCTC-GAGCTGTTCGGGAAACTCAAGAAT3Ј and 5ЈGGTCTAGAGCGGC-CGCCGTGGTTAGCTCGTTCAAAATG3Ј for fragment 1 (sense); and 5ЈGCTGGTACCTGTTCGGGAAACTCAAGAAT3Ј and 5ЈGCGTCTA-GATCGTGGTTAGCTCGTTCAAAATG3Ј for fragment 2 (antisense).
The two fragments were inserted into pUASTi plasmid sequentially and verified by sequencing. Several independent lines of transgenic animals carrying UAS-GluRIIE were generated.
To express GluRIIE-GFP in SF9 cells and flies, a HindIII fragment covering the enhanced GFP (EGFP) insertion site (position 880 of Glu-RIIE) was cut from full-length GluRIIE cDNA (RE07945) and subcloned into pSL1180. On this vector, "circular PCR" with primers 5ЈGGCAGATGTGTATAAGAGACAGTCGCCAGTCCTCGATGTCAG-TAGCTT3Ј and 5ЈCGGGCGCGCCGCCCTTGTACAGCTCGTCCA-TGCCGAGA3Ј was performed, and the resulting fragment was bluntend ligated with an EGFP encoding fragment, which was PCR amplified using 5ЈGGCGCGCCGAGCAAGGGCGAGGAGCTGTTCACCGG3Ј and 5ЈCGGGCGCGCCGCCCTTGTACAGCTCGTCCATGCCGAGA3Ј from a EGFP containing vector (Clontech, Cambridge, UK). Correct orientation of EGFP was verified by PCR and sequencing. Then the HindIII fragment containing EGFP sequence was put back into the fulllength cDNA clone, and the reading frame was verified by PCR and sequencing. Finally, the full-length GluRIIE cDNA tagged with EGFP was transferred into pFastBac (Invitrogen, San Diego, CA). Baculovirus expression was performed as described previously (Swan et al., 2004) or into pUAST for transgenesis.
Stainings
In situ hybridization. Whole-mount embryonic and larval body-wall preparation in situ hybridizations were performed essentially as de-scribed previously (Tautz and Pfeifle, 1989) . For preparing antisense RNA probes, both RE24732 (GluRIID) and RE07945 (GluRIIE) plasmids were cut with NotI and in vitro transcribed using T3 RNA polymerase.
Immunohistochemistry. Rabbit anti-GluRIIC/III antibodies were generated against a C-terminal close peptide of GluRIIC/III (PRRSLDK-SLDRTPKS). Rabbit anti-GluRIID antibodies were generated against a C-terminal peptide of GluRIID (ESLKTDSEENMPVED). Both sera were affinity purified and used at 1:500 dilution. Other primary antibodies were used at the following concentrations: mouse monoclonal antiGluRIIA antibody (8B4D2; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA), 1:100; goat anti-HRP cyanine 5, 1:250; mouse anti-FasII (1D4; Developmental Studies Hybridoma Bank), 1:40; mouse anti-Discs Large (Developmental Studies Hybridoma Bank), 1:500; Nc82 (generous gift from Erich Buchner, University of Würzburg, Würzburg, Germany), 1:100; rabbit anti-GFP (Molecular Probes, Eugene, OR), 1:300. Except for samples stained with 8B4D2, which were fixed for 5 min with cold methanol, all of the other stainings were fixed for 10 min with 4% paraformaldehyde.
Dissection and immunostaining. Midstage third-instar larvae were put on a dissection plate with both ends fixed by fine pins and then covered by a drop of ice-cold hemolymph-like saline (HL-3) solution (see below). Dissection scissors were used to make a small hole at the dorsal midline of the larva (near to the posterior end), which was then completely opened along the dorsal midline from the hole to the anterior end. The epidermis was stretched flat and pinned down, and then the internal organs and CNS were removed carefully with forceps. Late-stage embryos (20 -22 h after egg laying) were dissected on sylgard plates, fixed with fine clips, and opened using a pair of sharp tungsten needles. The dissected samples were fixed and then incubated with primary antibodies overnight, followed by fluorescence-labeled secondary antibodies (Dianova, Hamburg, Germany) and mounted in VectaShield mounting media (Vector Laboratories, Burlingame, CA).
Imaging and analysis. Imaging of embryonic and larval body-wall preparations was performed on a Leica (Nussloch, Germany) DM IRE2 microscope equipped with a Leica TCS SP2 AOBS scan head, using a Leica HCX PL Apo CS 63ϫ, 1.32 numerical aperture oil ultraviolet objective. Image processing was performed using NIH ImageJ and Photoshop (Adobe Systems, San Jose, CA). Epifluorescence images were taken on a Zeiss (Oberkochen, Germany) Axioscope with Axiocam camera, using a 100ϫ oil objective of numerical aperture 1.4.
Electrophysiology
Intracellular recordings were made at 22°C from muscle fiber 6 of abdominal segments 2 and 3 of late third-instar larvae. Larvae were dissected in ice-cold, calcium-free hemolymph-like saline (HL-3) (Stewart et al., 1994) . Composition of the HL-3 solution was as follows (in mM): 70 NaCl, 5 KCl, 20 MgCl 2 , 10 NaHCO 3 , 5 trehalose, 115 sucrose, and 5 HEPES, pH adjusted to 7.2. Larval fillets were rinsed with 2 ml of HL-3 saline containing 1 mM Ca 2ϩ before being transferred to the recording chamber in which two-electrode voltage-clamp (TEVC) recordings were performed in 1 mM extracellular Ca 2ϩ . The larval NMJ was visualized with a fixed-stage upright microscope (40ϫ water immersion lens; Olympus Optical, Tokyo, Japan). Whole muscle recordings of both miniature and evoked postsynaptic currents were recorded in TEVC mode (AxoClamp 2B; Axon Instruments, Union City, CA) using sharp microelectrodes (borosilicate glass with filament, 1.5 mm outer diameter) with resistances of 15-35 M⍀ and filled with 3 M KCL. All cells selected for analysis had resting potentials between Ϫ60 and Ϫ70 mV. For stimulation, the cut end of the segmental nerve was pulled into a firepolished suction electrode, and brief (300 s) depolarizing pulses were passed at 0.2 Hz [NPI Electronics (Tamm, Germany) stimulus generator and isolation unit]. To ensure the stable recruitment of both innervating motoneurons, the amplitude of the pulse was determined by increasing the stimulation strength to 1.5 times the amplitude needed to reach the threshold of double-motoneuron recruitment. The clamp was tuned such that it responded to a voltage step from Ϫ60 to Ϫ70 mV with settling times of 1 ms for miniature excitatory junctional currents (mEJCs) and 500 -750 s for evoked EJCs (eEJCs); this gave voltage errors of maximally 4 mV for eEJCs of approximately Ϫ100 nA. Both eEJCs (voltage clamp at Ϫ60 mV) and mEJCs (voltage clamp at Ϫ80 mV) were low-pass filtered at 1 kHz, and the holding current never exceeded Ϫ10 nA. For each cell, 20 eEJCs and 90 s of mEJC recordings were used for subsequent analysis (pClamp9; Axon Instruments).
Results
New glutamate receptor subunits expressed within postsynaptic muscle cells of Drosophila
The Drosophila genome encodes ϳ30 potential glutamate receptor subunits (Littleton and Ganetzky, 2000; Sprengel et al., 2001 ). We explored how many glutamate receptor subunits might be expressed in total within the postsynaptic muscle cell. To this end, RNA was extracted from larval body-wall preparations, which are enriched for somatic muscles but free of CNS tissue and internal organs. Using Affymetrix Drosophila gene chips, the abundances of Drosophila glutamate receptor subunits were determined in larval body-wall RNA. The amount of each subunit was then compared with the abundance in whole larval mRNA. As expected, GluRIIA and GluRIIB (Schuster et al., 1991; Petersen et al., 1997) were found to be enriched in body-wall RNA. Also, the subunit annotated as CG4226, first referred to as GluRIIC (Saitoe et al., 2001; Sprengel et al., 2001 ) and later as GluRIII , was found to be enriched. Recent work had shown that GluRIII mutant embryos die, most likely because of a defect of glutamatergic transmission. In addition to these already described subunits with NMJ expression, the mRNA of another locus encoding a glutamate receptor subunit (annotated as CG18039) was also enriched in body-wall preparations.
Next, real-time PCR was used to independently quantify the expression of these glutamate receptor subunits. Real-time PCR confirmed the body-wall enrichments first observed by gene chip analysis (Table 1) . We further recognized that CG31201, the direct neighbor locus of CG18039, encodes a glutamate receptor as well. This locus was not represented on the chip used. We also found CG31201 to be enriched within body-wall mRNA (Table  1) . From now on, we will refer to the locus encoding subunit CG18039 as GluRIID and the locus encoding CG31021 as Glu-RIIE. These names are meant to reflect muscle expression (see below) along with GluRIIA, GluRIIB, and GluRIIC/III.
To confirm muscle expression of these new subunits, in situ hybridization on Drosophila embryos and larvae was performed. In fact, the mRNAs of GluRIID (Fig. 1 A-D) and GluRIIE ( Fig.  1 E, F ) are enriched in somatic muscles of both the Drosophila embryo ( Fig. 1 A-C, E, F ) and larva (Fig. 1 D) . Expression of GluRIID (Fig. 1C-D) and GluRIIE (Fig. 1 E) starts in somatic muscles of late-stage 12 embryos (Fig. 1 A, E) and extends Abundances of glutamate receptor subunit transcripts estimated using real-time PCR. The control transcript (proteasome subunit tbp-1) had the same abundance in body-wall preparations and whole larvae. The glutamate receptor subunits shown were enriched in body-wall RNA when compared with whole larva RNA. The abundances of mRNAs are expressed as C t values, indicating the cycle number with which amplification exceeds detection threshold (C t difference of 1 indicates a twofold difference in abundance). For all reactions, identical amounts of cDNA were used. All data are averages from three independent experiments, in which each sample was run three times in parallel.
throughout embryonic and larval development ( Fig. 1 D, F ) . Thus, the mRNA expression pattern of the newly identified subunits appears very similar to that of GluRIIA, GluRIIB, and GluRIIC/III (Petersen et al., 1997; .
In terms of amino acid sequence, GluRIID and GluRIIE define a new type of muscle-expressed glutamate receptor subunit
The muscle-expressed glutamate receptor subunits of Drosophila that we identified were further analyzed. We first made sure that these proteins encode all structural features generally conserved in glutamate receptor subunits. Particularly, all putative transmembrane domains were in positions typical for glutamate receptors (Fig. 2 A) . As noted previously , GluRIIC/III is closely related to GluRIIA and GluRIIB. We find also that GluRIID and GluRIIE are very closely related to one another ( Fig. 2 A, B) . However, GluRIID and GluRIIE are distant from GluRIIA, GluRIIB, and GluRIIC/III. (Fig. 2 B) . In fact, GluRIID and GluRIIE are slightly more similar to human kainate receptor GluR6 than they are to the GluRIIA, GluRIIB, and GluRIIC/III group (Fig. 2 B, dendrogram) . Thus, GluRIID and GluRIIE represent a "new type" of glutamate receptor subunit that is expressed in the Drosophila muscle together with the GluRIIA, GluRIIB, and GluRIIC/III type. In sequence alignments, several other Drosophila non-NMDA glutamate receptors group in between these two clusters represented by GluRIID, GluRIIE and GluRIIA, GluRIIB, GluRIIC/III (Littleton and Ganetzky, 2000) . GluRIID and GluRIIE as well as GluRIIA, GluRIIB, and GluRIIC/III all have direct orthologs in other Drosophila species (our unpublished observation), indicating that the differentiation of insect muscle-expressed glutamate receptor subunits into two structurally different groups is a conserved trait.
GluRIID is localized in postsynaptic densities of neuromuscular synapses
To study the expression of muscle-expressed glutamate receptor subunits at the subcellular level, specific antibodies were produced. Our antibody directed against a GluRIIC/III-specific peptide recognizes a single band of approximately the predicted 109 kDa in Drosophila embryo extracts (Fig. 3A , right lane). Moreover, the antibody labels the PSDs of all neuromuscular synapses (Fig. 3B) , as shown recently with an independently produced antibody . So far, GluRIIE-specific antibodies could not be obtained, mainly attributable to the fact that there are few immunogenic peptides specific for GluRIIE that are not also present within the highly related GluRIID. The specific C-terminal sequence of GluRIID (Fig. 2 A, boxed area) , however, allowed the production of a specific antiserum. This antiserum recognizes SF9-cell-expressed GluRIID but not the SF9-cellexpressed GluRIIE (Fig. 3A, left lanes) . When probing Drosophila embryo extracts with this GluRIID antibody, a single band of approximately the predicted 102 kDa could be detected (Fig. 3A) .
In immunofluorescence stainings, GluRIID is found at all NMJs of larvae ( Fig. 3C ) and embryos (see below). Furthermore, the expression of GluRIID is confined to typical punctae (Fig. 3C , arrowheads). These punctae correspond to individual PSDs, because they are surrounded by the HRP staining known to have perisynaptic expression (Sone et al., 2000) . Moreover, these punctae are found directly opposite to the presynaptic Nc82 label. The Nc82 monoclonal antibody labels the presynaptic active zone (Heimbeck et al., 1999; Wucherpfennig et al., 2003) . We thus conclude that GluRIID specifically localizes to the PSD region of individual synaptic sites at the Drosophila NMJ. Consistently, GluRIID colocalizes substantially with the receptor subunits GluRIIB and GluRIIA on the level of individual PSDs (Fig. 3D ).
Null mutants of either GluRIID or GluRIIE are embryonic lethal
To genetically investigate what role GluRIID and GluRIIE play in NMJ glutamatergic transmission, we required specific mutants for each of the two genes. We recognized that, within a collection of piggyBac transposon lines that recently became available (Thibault et al., 2004) , a line with an insertion in the GluRIID locus (pBac{RB} e01443 ) was included. We verified that, in this line, the transposon has integrated directly into intron 6 of GluRIID (Fig. 4) . Real-time PCR on embryonic cDNA showed that downstream of the transposon insertion site the GluRIID mRNA was no longer expressed, which must interfere with productive translation of GluRIID. In fact, no GluRIID protein was observed any longer at NMJs of these embryos (see below). We refer to this allele as GluRIID e01443 . For GluRIIE, excision mutagenesis screening was performed using transposon line EP28753, whose insertion site is located only 150 bp downstream of the GluRIIE gene (Fig. 4) . We could recover a deficiency (GluRIIE E1 ) (see Material and Methods), in which the genomic sequence encoding the C-terminal part of GluRIIE including the last transmembrane domain is specifically deleted. This was also verified using real-time PCR. GluRIIE E1 does not extend into neighboring genes. Both GluRIID e01443 and GluRIIE E1 are embryonic lethal when homozygous and when over deficiency GluRIID&IIE E3 (Fig. 4) could be rescued to adult vitality by transgenic addition of a genomic construct encoding GluRIID or GluRIIE, respectively. However, neither the GluRIID mutant nor the GluRIIE mutant could be rescued by the respective other transgene. Thus, we obtained specific null mutants for both GluRIID and GluRIIE. Although the neighboring loci GluRIID and GluRIIE encode very similar proteins with primarily overlapping expression, both of them are essential for embryonic survival.
Interdependency between all glutamate receptor subunits for receptor function and synaptic receptor expression Although apparently fully developed, both GluRIID or GluRIIE mutant embryos showed no coordinated movements and did not hatch. Both mutants were thus subjected to closer inspection using immunofluorescence stainings of late embryo body-wall preparations. As shown by staining against HRP and Nc82 epitope (Fig. 5A) , NMJs with approximately normal amounts of release sites still formed in both GluRIID and GluRIIE mutant embryos. The same phenotype as observed in GluRIID and Glu-RIIE null mutants (a fully developed embryo unable of coordinated movements) is also observed within GluRIIC/III single or GluRIIA&IIB double null mutant embryos. HRP and Nc82 colabeling showed that, also in these mutants, NMJs formed. We also colabeled with antibodies against receptor subunit Glu-RIIC/III. As expected, GluRIIC/III signal was absent from GluRIIC/III null mutant embryos, as well as from GluRIIA&IIB double-mutant embryos, consistent with the idea that GluRIIC/III is an obligatory subunit that associates with either GluRIIA or GluRIIB to form glutamate receptors . Surprisingly, however, the GluRIIC/III signal was also absent from the NMJs of both GluRIID or GluRIIE mutant embryos (Fig. 5A ). In contrast, precise excisions of the transposons used to produce our GluRIID and GluRIIE null mutants gave wild-type-like staining of all receptor subunits (data not shown).
Based on this finding, we decided to systematically investigate the relationships between all muscle-expressed glutamate receptor subunits using the subunitspecific mutants together with the specific antibodies available in the moment (Fig.  5B) . NMJ staining of GluRIID was found to be absent not only from GluRIID but also from GluRIIE as well as GluRIIC and GluRIIA&IIB mutant embryos. Vice versa, GluRIIC, GluRIIB, and GluRIIA are all absent from the NMJs of GluRIID, GluRIIE, GluRIIC, and GluRIIA&IIB null mutant embryos. Quantitative analysis of confocal images (data not shown) did indicate a complete loss of receptor subunit expression at the NMJs of all null mutant embryos shown in Figure 5B .
As mentioned, no GluRIIE-specific antibody could be retrieved so far. Thus, GFP-labeled GluRIIE was transgenically expressed. GluRIIE GFP specifically labels the PSDs when expressed in wild-type background. When expressed in GluRIID null background, however, PSD localization of GluRIIE GFP is abolished (Fig. 5C) . Thus, at the embryonic NMJ, the synaptic expression is interdependent between all essential glutamate receptor subunits. It should be emphasized, however, that all other glutamate receptor subunits are still expressed in either the GluRIIA or the GluRIIB single mutant . This suggests that, at the Drosophila NMJ, the glutamate receptor is formed by four essential glutamate receptor subunits: GluRIIC, GluRIID, and GluRIIE together with either GluRIIA or GluRIIB.
Consistent with the need for GluRIID in recruiting all other subunits to the NMJ synapses, the accompanying paper by Featherstone et al. (2005) directly shows that GluRIID null mutant embryos lack any glutamate-mediated current at their NMJs using embryonic patch-clamp recordings. For GluRIIE null mutant embryos, no embryonic recordings were done so far. However, as far as we can tell, the NMJ phenotypes of GluRIIE null mutants and GluRIID null mutants are identical (no expression of glutamate receptor subunits including GluRIID; lack of coordinated embryonic mobility). Thus, it appears very likely that GluRIIE is also crucial for forming the postsynaptic glutamate receptor complex. This in turn would be essential for neurotransmission Figure 2 . Sequence analysis of GluRIID and GluRIIE. A, Sequence alignment of predicted amino acid sequences of (from top to bottom) GluRIIC/III, GluRIID, GluRIIE, and human kainate receptor subunit GluR6; similar amino acids are indicated by shaded boxes. Putative transmembrane domains (TM1-TM4), the channel pore region, and the C-terminal peptide of GluRIID, which was used for immunization, are indicated as well. B, Dendrogram analysis comparing muscle-expressed glutamate receptor subunits of Drosophila, together with AMPA receptor subunit GluR1, kainate receptor subunit GluR6, and NMDA receptor subunit NR1 [all Homo sapiens (H.s.)]. All muscle-expressed glutamate receptor subunits of Drosophila fall into the kainate/AMPA class of glutamate receptors. However, GluRIIA, GluRIIB, and GluRIIC/III on one side and GluRIID and GluRIIE on the other side are structurally far distant. The dendrogram was generated using MacVector software Accelrys (San Diego, CA).
at the developing embryonic NMJ, explaining the lack of any coordinated movements in the GluRIIE null mutant embryos.
In mammals, non-NMDA glutamate receptors are apparently composed of rather closely related subunits (Wenthold et al., 1996; Mulle et al., 2000) . Our genetic analysis of the subunits constituting the Drosophila NMJ glutamate receptor complex, however, provides evidence that hetero-tetrameric glutamate receptors can form by incorporating very distantly related subunits. Thereby, either GluRIIA or GluRIIB is incorporated as a fourth subunit. Although the synaptic expressions of GluRIIA and GluRIIB are not identical between individual PSDs , we suggest that the amounts of GluRIIC and GluRIID should reflect the sum of GluRIIA and GluRIIB containing receptor complexes together. Consistently, the ratio between GluRIIA and either GluRIID or GluRIIC seemingly differs somewhat between individual PSDs (Fig. 3D) . Because the antibodies for GluRIIC and GluRIID both derive from rabbit, no direct colabeling between these subunits could be performed.
A stoichiometric relationship between all essential subunits for synaptic expression and glutamate receptor function If the glutamate receptor does in fact form from four different subunits, the expression level of all these subunits must be able to become rate limiting for glutamate receptor formation. Thus, after partially suppressing the level of a single such subunit, glutamate receptor formation and thus synaptic expression of the respective other essential subunits should be lowered accordingly. Using muscle-specific, transgene-mediated RNA interference against GluRIIE, we could lower GluRIIE mRNA expression down to ϳ20% without changing the mRNA expression of all other muscle-expressed subunits (real-time PCR data). These an- imals no longer die as embryos (as the GluRIIE null mutants do) but develop into mature larvae. At the NMJs of larvae with reduced GluRIIE, GluRIID and GluRIIC/III were clearly reduced (Fig. 6 B, D) . For a second experiment, we used the fact that already minimal amounts of GluRIID [produced by the "leaky" expression typically mediated by UAS-cDNA transgenes in the absence of a galactosidase-4 (Gal4 )-driver line] can rescue GluRIID null mutant embryos (Fig. 6 E-H ) . At larval NMJs of these GluRIID null mutant larvae rescued by leaky expression of GluRIID, the levels of all other glutamate receptor subunits were very strongly reduced as well (Fig. 6 H) . Reexpressing GluRIID to normal levels by using the muscle-specific Gal4-driver line myosin heavy chain (Mhc)-Gal4 restored the localization of all other glutamate receptor subunits (data not shown). We conclude that the levels of GluRIID and GluRIIE within the muscles directly control the amount of glutamate receptors able to localize at the NMJ. We next asked whether the amounts of muscle GluRIIA, GluRIIB, and GluRIIC/III can reciprocally control NMJ levels of GluRIID and GluRIIE. For this, a genetic situation in which GluRIIB was fully absent and GluRIIA was simultaneously suppressed below 5% of normal mRNA level (GluRIIA hypo , GluRIIB null ) (see Material and Methods) was used. Here, the level of both GluRIIC/III and GluRIID were drastically reduced as well (Fig. 7B,D) . Collectively, these data suggest that the availability of all essential glutamate receptor subunits controls receptor formation and, as expected, that assembling the proper receptor is a precondition for NMJ localization of the subunits. This seems true during both initial formation and further development of NMJs, in which many new synapses get added (Schuster et al., 1996; Gramates and Budnik, 1999) . We finally asked whether glutamate receptor function would parallel our findings based on receptor immunostainings. Between the different ge- Figure 5 . Interdependence between glutamate receptor subunits for NMJ expression. A, Confocal images of NMJs in wild-type or in embryos null mutant for GluRIID, GluRIIE, GluRIIC, or both GluRIIA and GluRIIB (20 -22 h old), stained with antibodies against GluRIIC/III (red), Nc82 (green), and HRP (blue). Nc82 staining indicates differentiation of active sites at the mutant NMJs. Synaptic expression of all glutamate receptor subunits fails at the mutant NMJs. Scale bar, 10 m. B, Higher magnifications of confocal stainings similar to A. Stainings of GluRIID, GluRIIC/III, and GluRIIB are shown together with Nc82, GluRIIA alone. Scale bar, 5 m. C, GFP-labeled GluRIIE was expressed in embryonic muscles using Mhc-Gal4 driver in either wildtype background or GluRIID null background; also shown are anti-GFP, Nc82 colabeling from embryonic NMJs. Figure 6 . A partial reduction of either GluRIIE or GluRIID provokes a significant reduction of all glutamate receptor subunits at the NMJ. A-D, Larval NMJs (muscle 4, abdominal segment 2) stained for GluRIID (A, B) or GluRIIC/III (C, D) in control larvae (G14-Gal4/ϩ; A, C) or larvae experiencing muscle-specific RNA interference against GluRIIE (G14-Gal4/ϩ; UAS-GluRIIERNAi; B, D). Suppression of GluRIIE leads also to a reduction in the NMJ expression of GluRIIC/III and GluRIID. Bottom pictures represent higher magnifications. E-H, Shown are NMJs (muscle 4, abdominal segment 2) of GluRIID null mutant larvae rescued with a single copy of UAS-GluRIID (UAS-GluRIID/ϩ; GluRIID e01443 /GluRIID&IIE E3 ). Only trace amounts of GluRIID (F ) and GluRIIC (H ) are expressed at the NMJ; HRP stainings (E, G) are added to show position of the NMJ. Nonlinear contrast was used to make the trace amounts of GluRIID (F ) and GluRIIC (H ) visible. Scale bars: top, 7.5 m; bottom, 2.5 m.
netic situations we used to partially deprive glutamate receptor subunits in larvae, GluRIIE interference produced a more moderate downregulation (Fig. 6B,D) , whereas the most severe loss of glutamate receptors was observed in GluRIIA hypo , GluRIIB null larvae (Fig.  7F,H) , with the latter genotype expressing clear signs of paralysis. GluRIIA hypo , GluRIIB null larvae were thus subjected to two-electrode voltage-clamp recordings (Fig. 6E,F) . In fact, spontaneous mEJCs were below the detection limit, indicating an extreme drop of postsynaptic glutamate receptor function. Accordingly, eEJCs were also low at these NMJs (wild-type rescue, 61 nA, n ϭ 12; GluRIIA hypo , GluRIIB null , 21 nA, n ϭ 11; p Ͻ 0.00005, Mann-Whitney, two-sided nonparametric test). We thus conclude that strongly reducing the expression of a single glutamate receptor subunit is sufficient in severely reducing the level of functional glutamate receptors at the NMJ. In summary, forming functional glutamate receptors at the Drosophila NMJ can be controlled by all five glutamate receptor subunits so far identified. Consistently, Featherstone et al. (2005) in fact demonstrate the complete absence of glutamate receptor function in GluRIID null mutant embryos by patch-clamp recordings of embryonic muscle cells.
Discussion
Novel glutamate receptor subunits are essential for glutamatergic transmission at neuromuscular synapses Glutamatergic neuromuscular synapses of Drosophila, in terms of ultrastructure and molecular composition similar to the glutamatergic synapses of our brains, have been intensely used to study synaptic function in vivo. At these synapses, three non-NMDAtype glutamate receptor subunits (GluRIIA, GluRIIB, and GluRIIC/III) have been described previously. Whereas only GluRIIA&IIB double mutants but not the respective single mutants lack transmission (Petersen et al., 1997; DiAntonio et al., 1999) , lack of GluRIIC/III alone is fatal with a phenotype, suggesting the absence of neurotransmission at neuromuscular synapses . Doubts remained about the subunit composition of synaptic receptors at the NMJ. Here we describe two additional non-NMDA glutamate receptor subunits (GluRIID and GluRIIE) that, on the basis of in situ hybridization (Fig. 1) and antibody staining (Fig. 3) , we show to be specifically expressed at the postsynaptic site of all neuromuscular synapses alongside GluRIIA, GluRIIB, and GluRIIC/III. Although GluRIID and GluRIIE are genomic neighbors and very similar to each other, they are not particularly related to the GluRIIA,IIB; IIC/III group. We could retrieve specific null mutations for both GluRIID and GluRIIE. Both GluRIID and GluRIIE null embryos, although apparently fully developed, do not hatch and are incapable of any coordinated movement. In the case of GluRIIA&IIB as well as in the GluRIIC/III single mutant, this paralyzed phenotype was attributed to a fatal failure of synaptic transmission as well (Petersen et al., 1997) . The companion paper (Featherstone et al., 2005) directly demonstrates that no postsynaptic sensitivity to glutamate is present at GluRIID null mutant embryonic muscles. Thus, GluRIID and GluRIIE are critically important for mediating glutamate-gated ionic currents at the postsynaptic site of neuromuscular synapses. It appears therefore likely that GluRIIA&IIB double mutants as well as GluRIIC/III single mutants also lack glutamate-gated ionic current.
Together, lack of GluRIIC/III, GluRIID, and GluRIIE or of both GluRIIA and GluRIIB together leads to a fatal lack of glutamate receptor function at the embryonic NMJ. This is likely directly caused by the loss of respective subunits within the embryonic muscles because of the following arguments. First, GluRIIA, GluRIIB, GluRIIC/III, and GluRIIE expression is seemingly restricted to the somatic muscles (Petersen et al., 1997; DiAntonio et al., 1999) . Second, the paralysis phenotype of these null mutants could always be fully rescued by a muscle-specific reexpression of the corresponding cDNAs (DiAntonio et al., 1999) . Third, muscle-specific downregulation of GluRIIE (via RNA interference) could effectively downregulate synaptic expression of GluRIID and GluRIIC/III as well.
Implications for the stoichiometry of the Drosophila glutamate receptor
Recent studies suggested that AMPA receptors form as a tetramer of subunits (Laube et al., 1998; Mano and Teichberg, 1998; Rosenmund et al., 1998) . We find that the synaptic expression of all glutamate receptor subunits is abolished after eliminating either GluRIID, GluRIIE, or GluRIIC alone or GluRIIA and GluRIIB together (Fig. 5) [see companion paper by Featherstone et al. (2005) in this issue]. Quantitative real-time PCR occluded changes of mRNA abundance as causative for glutamate receptor subunits being absent in mutants of other subunits (data not shown). Thus, an inability to join into proper receptor complexes should cause the complete absence of NMJ expression in these situations.
Together, all data indicate that essential glutamate receptor subunits (GluRIIC/III, GluRIID, and GluRIIE) are obligatory part of all postsynaptic glutamate receptors. In addition, having either GluRIIA or GluRIIB seems obligate for receptor formation. One likely scenario therefore is that the glutamate receptor population at the Drosophila NMJ is a mix of (IIA)(IIC/III) (IID)(IIE) receptors with (IIB)(IIC/III)(IID)(IIE) receptors. Tetrameric structure of glutamate receptors was suggested solely on the basis of ligand-binding studies and crystal structures of (A, B) or GluRIIC/III (C, D) in wild-type rescued controls (A, C) or in animals having only ϳ5% GluRIIA and no GluRIIB (Glu-RIIA hypo , GluRIIB null ) (see Materials and Methods). NMJ morphology in HRP labeling is shown in insets to allow NMJ visualization independent of receptor label. In GluRIIA hypo , GluRIIB null larvae, the synaptic localization of both GluRIID and GluRIIC/III is strongly reduced. Apparent differences between residual GluRIID and GluRIIC/III are likely attributable to slightly different sensitivity of our antibodies. E, F, Two-electrode voltage-clamp recordings on third-instar larvae (muscle 6, abdominal segment 2), measuring spontaneous mEJCs and eEJCs. The GluRIIA hypo , GluRIIB null mutant animals (F ) are compared with wild-type controls (E). Postsynaptic glutamate sensitivity is dramatically reduced in GluRIIA hypo , GluRIIB null mutant larvae, expressed in the lack of any recordable spontaneous currents. In 15 larvae (each recording lasting several minutes), no single spontaneous response could be recorded in GluRIIA hypo , GluRIIB null mutant larvae using two-electrode voltage-clamp configuration.
ligand-binding domains. An unequivocal determination of the number of subunits in a functional glutamate receptor thus still awaits physical methods that probe the structure of the receptor itself. Thus, pentameric (or higher) stoichiometry cannot be refuted in the moment and in fact was suggested in the past several times (Premkumar et al., 1997) . Therefore, for example, stoichiometries as (A) 2 (C)(D)(E), (B) 2 (C)(D)(E), or (A)(B)(C)(D)(E) might still have to be considered.
GluRIIA-and GluRIIB-containing receptor complexes differ strongly in their biophysical properties, with GluRIIAcontaining receptors showing slow desensitization and GluRIIBcontaining receptors showing fast desensitization (DiAntonio et al., 1999) . Thus, GluRIIA-and GluRIIB-containing complexes are likely to play different roles in synaptic function and development. In fact, increased postsynaptic GluRIIA protein levels or reduced GluRIIB gene copy number resulted in an increased strength of NMJ transmission and an addition of junctional boutons harboring increased numbers of synapses. These phenotypes were suppressed by overexpression of GluRIIB (Sigrist et al., 2002) . Thus, GluRIIC/III, GluRIID, and GluRIIE might establish a "receptor platform," whereas the incorporation of either the GluRIIA or the GluRIIB subunit could determine the specific functions of the respective glutamate receptor.
As discussed above, the interdependency between all essential subunits observed for synaptic localization is easiest explained by assuming the existence of common glutamate receptor. It might, however, be argued that eliminating a certain glutamate receptor subunit could provoke an early defect during the developmental setup of neuromuscular synapses. This in turn might then interfere with the localization of other glutamate receptor complexes. This way, the genetic elimination of a certain subunit could also provoke the loss of synaptic expression (and thus also synaptic function) of another subunit, even if these two subunits would not be contained in the same glutamate receptor. At this juncture, such a scenario appears unlikely because of the following arguments. First, partial suppression of any essential glutamate receptor subunit always provokes a corresponding downregulation of glutamate receptor at larval neuromuscular synapses (Figs. 6, 7) (Featherstone et al., 2005, their Fig. 6 ) . This suggests that all essential subunits obey a stoichiometric relationship, in which the availability of the least abundant subunit defines the overall amount of glutamate receptors and that this relationship exists throughout development. Second, Featherstone et al. (2005) convincingly demonstrate a complete loss of glutamate-mediated currents on GluRIID mutant embryonic muscles. However, extrasynaptic glutamate receptors have been directly demonstrated on wildtype embryonic muscle membranes using the very same experimental setup (Broadie and Bate, 1993) [see companion paper by Featherstone et al. (2005) in this issue]. Thus, elimination of GluRIID abolishes both all of the extrasynaptic as well as synaptic populations of glutamate receptors on embryonic muscles. Therefore, if interactions between independently forming glutamate receptors are involved, they would have to be absolutely essential already during the intracellular transport and assembly of glutamate receptors. Because we know that at least GluRIID is clearly expressed in substantial amounts within postsynaptic densities, the existence of subunits evolved only to mediate the intracellular transport or assembly of glutamate receptor complexes appears rather unlikely. However, it should be emphasized that our conclusions so far are based on determining synaptic expression and function in combination with the use of specific mutants. Unequivocal proof of our model also has to await biochemical analysis, ideally from the endogenously expressed glutamate receptor complexes.
In vivo analysis of glutamate receptor assembly and mobility using a genetically fully accessed set of subunits Collectively, our in vivo analysis clearly favors the idea that forming non-NMDA glutamate receptors can depend on four different subunits. To our knowledge, a "strictly hetero-tetrameric stoichiometry" has so far not been described for other ionotropic glutamate receptors. This finding thus potentially indicates that, in vivo, some glutamate receptors can have a rather fixed subunit stoichiometry reminiscent of the stoichiometry of other types of ligand-gated ion channels as, for example, the nicotinic acetylcholine receptor (Colquhoun and Sivilotti, 2004) .
Dissecting the molecular details underlying the functional assembly and cell-surface trafficking of various types of glutamate receptors is a focus of current research. It has been suggested that, in AMPA receptors, the N-terminal domain is primarily responsible for subtype recognition among different subunits, whereas the transmembrane region and the C-terminal part of S2 are critical determinants for the formation of functional channels (Leuschner and Hoch, 1999; Ayalon and Stern-Bach, 2001 ). In this context, it will be interesting to explore which sequences within these the Drosophila NMJ subunits confer the essential character of individual subunits, capitalizing on the complete set of mutants for all five relevant glutamate receptor subunits now available. Given the close structural relationship between GluRIID and GluRIIE, analyzing Intersubunit chimeras between these subunits in either a GluRIID or GluRIIE mutant background might be particularly informative. The companion paper by Featherstone et al. (2005) reports that GluRIID is also expressed in the CNS of late embryos/first-instar larvae. In this context, we find that GluRIID but not GluRIIE message is expressed within heart precursor cells (Fig. 1 A, arrowheads) . Thus, between different tissues, subunit composition of glutamate receptors can overlap without being identical. It will be interesting to work out whether tissue-specific control mechanisms execute assembly and transport, reflecting the glutamate receptor subunit spectrum expressed. Moreover, our laboratory recently managed to directly visualize glutamate receptor dynamics within living intact larvae during synapse formation (our unpublished observations), applying photobleaching and photoactivation procedures in vivo. It will be very interesting, whether in fact all essential glutamate receptor subunits show coherent dynamics as to be assumed if they are within one complex.
